A bacterial strain, FBHYA2, capable of degrading naphthalene, was isolated from the American Petroleum Institute (API) separator of the Tehran Oil Refinery Complex (TORC). Strain FBHYA2 was identified as Achromobacter sp. based on physiological and biochemical characteristics and also phylogenetic similarity of 16S rRNA gene sequence. The optimal growth conditions for strain FBHYA2 were pH 6.0, 30 W C and 1.0% NaCl. Strain FBHYA2 can utilize naphthalene as the sole source of carbon and energy and was able to degrade naphthalene aerobically very fast, 48 h for 96% removal at 500 mg/L concentration. The physiological response of Achromobacter sp., FBHYA2 to several hydrophobic chemicals (aliphatic and aromatic hydrocarbons) was also investigated. No biosurfactant was detected during bacterial growth on any aliphatic/aromatic hydrocarbons. The results of hydrophobicity measurements showed no significant difference between naphthaleneand LB-grown cells. The capability of the strain FBHYA2 to degrade naphthalene completely and rapidly without the need to secrete biosurfactant may make it an ideal candidate to remediate polycyclic aromatic hydrocarbon (PAH)-contaminated sites.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a unique class of persistent organic pollutants (POPs) and are ubiquitous contaminants of the natural environment (Jorgensen ) . True PAHs have two to seven benzene rings fused in a linear, angular, or cluster arrangement and are composed solely of carbon and hydrogen, with alternating single and double bonds between carbons in the ring structure (Jorgensen ) .
PAHs, which are found throughout the environment, can originate from many different sources such as intentional large petroleum discharges, unintentional spills and leaks of crude oil, industrial wastewater effluents, coking plants and washout from atmospheric depositions (NAS ; Dhenain et al. ) .
There are environmental concerns about PAHs because of the toxigenic, mutagenic and carcinogenic effects of their metabolites against aquatic and terrestrial living organisms (Antizar-Ladislao et al. ). Naphthalene, a dicyclic aromatic hydrocarbon, and its methylated analogues are considered the most acute toxic compounds of petroleum, and are highly toxic for invertebrates (Meador ) . In humans, exposure to large amounts of naphthalene may damage or destroy red blood cells (ATSDR ). Accordingly, the United States Environmental Protection Agency (USEPA) and the European Union (EU) have identified 16 PAHs including naphthalene as the priority pollutants (Pojana & Marcomini ) .
Naphthalene is subjected to biotic and abiotic degradation. Degradation due to biotic processes (biodegradation) is more desirable than abiotic processes because of some potential advantages, such as complete destruction of the pollutants, no generation of hazardous and persistent secondary metabolites, environmental friendliness, rapidity, low treatment costs, and great safety ( Jjemba ) .
Two distinct biological systems capable of biodegrading naphthalene have been identified: aerobic oxidative processes by aerobic microorganisms and anaerobic reductive processes by anaerobic ones. However, it is preferable to have aerobic biodegradation due to higher energy yield (Gimsing et al. ) .
During the last decades, a variety of bacteria with naphthalene-degrading capability including Mycobacterium, Pseudomonas, Rhodococcus, Nocardia and Sphingomonas have been isolated from various environmental samples (Antizar-Ladislao et al. ; Zeinali et al. ; Djokic et al. ) . The mechanisms of PAH uptake in some PAHdegrading bacteria have been investigated. Biosurfactant production, increased bacterial adherence to the hydrophobic pollutants, and uptake systems with high substrate affinity, are three different strategies to enhance the availability and uptake of PAHs.
In the current study, an indigenous high performance naphthalene-degrading bacterial strain, Achromobacter sp. FBHYA2, was isolated for the first time from the oil-water separator pool of Tehran Oil Refinery Complex (TORC). To evaluate the efficiency of naphthalene biodegradation, some factors affecting bacterial growth, including temperature, pH, salinity, and the presence of other PAHs were investigated. Biosurfactant production and cell surface hydrophobicity of the isolate grown on naphthalene were also evaluated to understand the strain-specific mechanism of PAH bioavailability.
MATERIALS AND METHODS

Chemicals
Acetone and n-hexane were obtained from Romil-SA (Cambridge, UK). Luria-Bertani (LB)-agar and LB-broth were purchased from Scharlau Chemie S.A. (Barcelona, Spain). PCR reagents and pTZ57R/T vector were from Fermentas (St. Leon-Rot, Germany). Naphthalene and all other chemicals and organic solvents were analytical grade and purchased from Merck (Darmstadt, Germany).
Sampling
Wastewater samples were collected from the oil-water (American Petroleum Institute (API)) separator of TORC (Tehran, Iran). The API separator is a gravity separation device which separates free oil from wastewater. The wastewater samples were aseptically transferred into sterile screw-cap glass bottles and kept refrigerated until use.
Mineral salts medium
Carbon-free mineral salts medium (MSM, pH 6.6) was composed of (g/L): NH 4 Cl, and ZnCl 2 , 50. To prevent precipitation of salts and turbidity of the culture media, trace element solution was sterilized separately and added to MSM after cooling to room temperature. Acetone-dissolved naphthalene (Merck) was filtersterilized and added to MSM at a final concentration of 500 mg/L.
Enrichment and isolation of the naphthalene-degrading bacterial strains
A 5 mL aliquot of wastewater sample was inoculated into the 250 mL sterile screw-cap glass bottle containing 50 mL of the naphthalene-supplemented MSM. The cultures were incubated at 30 W C with shaking at 150 rpm in the dark conditions. After one week, aliquots of the cultures were transferred to fresh naphthalene containing MSM. After eight consecutive subcultures, naphthalene-degrading strains were isolated by streaking on solid MSM. The solid medium was prepared by the addition of agar (20 g/L), yeast extract (0.03% w/v) and naphthalene (0.05% w/v) to MSM. The plates were incubated for 3-5 days at 30 W C in dark conditions. Colonies with clearing zones were selected as the candidate naphthalene-degrading strains. These colonies were then tested for their ability to grow in liquid MSM with 500 mg/L naphthalene as the sole source of carbon and energy. An isolate showing the maximum growth rate on the naphthalene-supplemented liquid MSM was selected for further studies.
Taxonomic identification of naphthalene-degrading isolate
For initial characterization of the naphthalene-degrading isolate, the morphological properties such as colony characteristics, shape of cells, gram reactivity and spore formation were examined. Standard biochemical tests were performed according to Bergey's Manual of Systematic Bacteriology (Brenner et al. ) .
For further identification of the isolate, the phylogenetic analysis of 16S rRNA gene was performed. Total DNA of the isolate was extracted by boiling method (Zarenejad et al. ) . Briefly, one overnight grown colony was suspended in 50 μL ddH 2 O, boiled for 10 min and then centrifuged at 10,000 rpm for 5 min. Universal primers 27f-YM (5 0 AACAGAGTTTGATYMTGGCTCAG 3 0 ) and rD1 (5 0 AAGGAGGTGATCCAGCC 3 0 ) were used for amplification of 16S rRNA gene. Polymerase chain reactions (PCRs) were carried out in 25 μL reaction mixture containing 1.5 mmol/L MgCl 2 , 200 μmol/L dNTPs, 10 pmol of each primer, and one unit of Taq DNA polymerase. PCR was performed in a DNA Thermal Cycler (Techne Flexigen, MN, USA) under the conditions of: 5 min initial denaturation at 94 W C, 30 cycles of denaturation at 94 W C (30 s), primer annealing at 50 W C (30 s), and extension at 72 W C (1.5 min), followed by a final extension at 72 W C for 10 min. The PCR products were separated by electrophoresis through a 1% agarose gel and then cloned into pTZ57R/T vector. Plasmid isolation was performed using a high pure plasmid isolation kit (Roche, Germany). The sequences were analyzed by comparison with available sequences in the GenBank database using BLASTN software available on the NCBI website (www.ncbi.nlm. nih.gov). A neighbor-joining (NJ) phylogenetic tree was derived from alignment of the 16S rRNA gene sequence of the isolate with the available 16S rRNA gene sequences in the GenBank. The tree was generated by the use of software MEGA 4.0, and the nodal support was evaluated by 500 bootstrap replicates (Saitou & Nei ) .
Growth characteristics
Effect of temperature, pH and NaCl concentration on the bacterial growth was determined by measuring absorbance at 600 nm using a UV-Vis spectrophotometer (T60U, Harlow Scientific, UK). The growth temperature range was determined in the LB and naphthalene-supplemented (0.05% w/v) MSM by incubating cultures at 25-40 W C. The effect of pH on the growth rate was determined at the optimum growth temperature in the pH range of 2-9 in naphthalene-supplemented MSM. NaCl requirement was determined by varying the concentration of NaCl from 0 to 5% (w/v) in naphthalenesupplemented MSM at the optimum temperature and pH.
Kinetics of naphthalene biodegradation
The potential of the strain FBHYA2 for biodegradation of naphthalene was examined by monitoring bacterial growth (cell protein content) and simultaneously high pressure liquid chromatography (HPLC) analysis of culture supernatant. Briefly, FBHYA2 cells were pre-grown in naphthalene-containing medium and well-grown cultures were used as inocula. Incubation was performed at 30 W C and in darkness with agitation at 150 rpm. Culture liquors without cells or inoculated with heat inactivated microbial cells were used as negative controls. All experiments were performed in triplicate.
Analytical methods
Experimental procedures for extraction and quantification of naphthalene in the water phase were adapted from ISO 17993 (ISO 17993 ) with minor modifications. Briefly, after the desired incubation period, 50 mL hexane was added to 20 mL of culture liquor and shaken vigorously. The organic phase was dried using anhydrous sodium sulfate and the dried extract was concentrated using a rotary evaporator. After complete removal of hexane using a gentle stream of nitrogen, the extract was dissolved in 2 mL of acetonitrile and then passed through a polytetrafluoroethylene (PTFE) syringe filter. The extracts were analyzed using an HPLC system (Knauer, Germany) equipped with a UV-Vis detector. Naphthalene was analyzed using a methanol : water (80:20 v/v) eluent and a 4.6 × 250 mm, 5 μm inertsil C18 column (Knauer). The flow rate was maintained at 1 mL/min and naphthalene was detected at 254 nm. Growth of the isolate on naphthalene was determined by monitoring the optical density of cultures at 600 nm and also by measuring an increase in cell protein content using the modified Lowry method (Sandermann & Strominger ) .
Growth on various hydrocarbon sources
The growth of the FBHYA2 strain on 3-and 4-ring PAHs (phenanthrene, anthracene, and pyrene) and other hydrocarbons (n-alkanes, monoaromatics, crude oil, methyl tertbutyl ether (MTBE) and dimethyl sulfoxide (DMSO)) was studied at 30 W C in MSM with 0.01% of hydrocarbons.
Growth was monitored visually (color change of medium and disappearance of PAH crystals) and spectrophotometrically (absorbance changes at 600 nm) for 2 days.
Biosurfactant production
The selected strain was grown aerobically on naphthalenesupplemented MSM on an orbital shaker (150 rpm) at optimal conditions for 3 days. The potential of the isolate for biosurfactant production was investigated by four different methods of drop collapse, oil spreading, hemolytic activity and du-Nouy-ring method.
Drop-collapse assay
For this assay, 2 μL of mineral oil was poured into each well of a 96-well microtiter plate lid. The lid was equilibrated for 1 h at room temperature, and then 5 μL of the culture supernatant was placed on the oil surface. The shape of the drop on the oil surface was inspected after 1 min (Youssef et al. ) .
Oil spreading activity
Distilled water (50 mL) was poured into a large Petri dish (25 cm diameter) followed by the addition of 20 μL of crude oil to the water surface to form a thin oil layer. Then, 10 μL of bacterial culture supernatant was added to the oil surface. The diameter of the clear zone on the oil surface correlates to surfactant activity (Youssef et al. ) . 
Hemolytic activity
Du-Nouy-ring method
Surface tension of bacterial culture liquor at different time intervals was measured at room temperature using a du-Nouy-ring tensiometer (KRUSS, Hamburg, Germany). MSM and deionized water were used as standards.
Cell surface hydrophobicity measurement
The bacterial adhesion to hydrocarbons (BATH) method was used for measuring the hydrophobicity of bacteria (Rodrigues et al. ) . In brief, the isolate was grown in LB-broth and MSM supplemented with 500 mg/L crystalline naphthalene. Bacterial cells were harvested from growth culture by centrifugation and then washed twice with deionized water and resuspended in the culture medium to an initial OD 540 of 0.4. A 4.5 mL aliquot of the cell suspension was transferred to a test tube, previously overlaid with 0.6 mL of hexadecane. Tubes were then vortexed for 2 min. After an equilibration period of 60 min, the aqueous phase was carefully removed and absorbance was measured at 540 nm. Hydrophobicity was expressed as the percentage of cells adhering to hexadecane.
RESULTS AND DISCUSSION
Isolation, characterization and taxonomic identification of a naphthalene-degrading strain A bacterial strain (FBHYA2) capable of degrading naphthalene was isolated from the API separator of TORC by the enrichment method. The isolate showed clear zones on the naphthalene-supplemented MSM-agar plates and also high naphthalene-degrading ability in liquid MSM. When the isolate was grown on MSM-agar plates with naphthalene, increase of biomass around the areas of inoculation appeared after 48-72 h. Therefore, the FBHYA2 isolate was considered a high performance naphthalene-degrading strain and selected for further studies.
Description of FBHYA2 strain
The colonies of FBHYA2 have a convex raised surface, and a smooth, entire, rounded margin. The colonies were moist, non-mucoid, nonpigmented and translucent to semi-opaque on LB-agar, with a diameter of 0.5-1.0 mm within 24 h. FBHYA2 was Gram-negative, obligate aerobic, motile, non-spore-forming and short rod-shaped. It was negative for decomposition of urea, starch, gelatin and esculin. The results of microbial and biochemical tests have been detailed in Table 1 and compared with the characteristics of Achromobacter denitrificans and Achromobacter xylosoxidans.
Phylogenetic analysis
The 16S rRNA gene of the strain FBHYA2 was amplified using PCR procedure. Sequence analysis revealed a DNA fragment of 1,541 bp corresponding to the 16S rRNA gene (GenBank accession no. HQ166060.2). Based on an alignment analysis of the 16S rRNA gene sequence, the 
Carbon source for growth: FBHYA2 strain showed 99% identity with a type strain from the Achromobacter genus. The phylogenetic tree of FBHYA2 strain has been represented in Figure 1 . This strain has been deposited in the Iranian Biological Resource Center (IBRC) as Achromobacter sp. strain FBHYA2 IBRC-M 1,0645.
Growth characteristics
Biodegradation of aromatic hydrocarbons appears to be sensitive to temperature, pH and salinity of the environment (Lin et al. ) . Therefore, the effects of these factors on the FBHYA2 growth in the MSM and LB-broth were investigated. Strain FBHYA2 could grow on the LB and naphthalene-supplemented MSM in the temperature range of 25-35 W C with an optimum at 30 W C. Growth occurred at initial pH values between 6.0 and 7.5, with the optimum around 6.0. It was found that this strain could grow at NaCl concentrations of 0-3.0% (w/v) with an optimum around 1%.
Kinetics of naphthalene degradation
Although various bacteria with PAH-degrading capability have been isolated from the environment (Zeinali et al. , strains which can degrade PAHs completely and rapidly without accumulation of intermediates in the media will be more favorable for bioremediation of oil-polluted sites. Achromobacter sp., FBHYA2 was tested for growth in solid and liquid MSM with naphthalene as the sole source of carbon and energy. During growth of FBHYA2 strain on naphthalene-coated agar plates, clear zones were visualized. The utilization of naphthalene in liquid MSM resulted in FBHYA2 growth with concomitant turbidity of the medium. Naphthalene biodegradation efficiency was measured using RP-HPLC. The results of RP-HPLC analysis showed that naphthalene content in the medium decreases constantly and FBHYA2 strain can nearly degrade 96% of the initial amount of naphthalene (500 mg/L) within 2 days incubation in the optimum conditions ( Figure 2) . Total abiotic loss of naphthalene during the incubation period was less than 2.0%. HPLC analysis on culture extracts showed no accumulation of naphthalene intermediates during bacterial growth, which is indicative of efficient biodegradation of naphthalene by FBHYA2 strain. Based on the naphthalene degradation graph represented in Figure 2 , the biodegradation kinetics of naphthalene by FBHYA2 strain follows the first-order reaction. The reaction rate constant was calculated from the following equation:
where t is time (day), C 0 is the initial concentration of naphthalene (mg/L), C is the concentration of naphthalene (mg/L) at time t, and k is the rate constant for the biodegradation of naphthalene (1/day). The reaction rate constant for degradation of naphthalene by FBHYA2 strain was 1.611/day. In comparison with many other naphthalene- Naphthalene degradation in batch cultures correlates well with the protein content of the cultures (Figure 2 ) which is indicative of naphthalene consumption for biomass production.
Growth of FBHYA2 strain on aliphatic and aromatic compounds
It is conventional to evaluate the potential of a pure culture or a consortium for growth on various oil pollutants for cleaning purposes. The ability of FBHYA2 strain to utilize various substrates including straight-chain aliphatic hydrocarbons, 3-and 4-ring PAHs, monoaromatic hydrocarbons and also MTBE was examined in MSM. These chemicals are ubiquitous in oil-contaminated sites and most of them are the main components of crude oil. Growth and substrate utilization were registered as positive when the cultures became turbid in two subsequent cultures. It was found that strain FBHYA2 can grow on straight-chain aliphatic hydrocarbons (n-hexane, hexadecane, and paraffin), 3-and 4-ring PAHs (phenanthrene, anthracene and pyrene), crude oil, phenol, and MTBE as the sole carbon and energy sources. But, there was no growth in toluene, benzene, xylene or DMSO (Table 2) . Strains which can degrade such a broad spectrum of pollutants will be favorable for environmental cleaning purposes.
Biosurfactant production and cell surface hydrophobicity
The results of oil-displacement techniques, drop-collapse method and also hemolytic test on blood-agar plates, were negative for FBHYA2 strain. Additionally, biosurfactant production was quantified by tensiometric analysis of cell-free culture supernatant. No obvious reduction in the surface tension was observed following FBHYA2 growth in naphthalene-supplemented MSM. Based on these results, it is concluded that FBHYA2 strain is incapable of secreting biosurfactant to facilitate naphthalene uptake.
After growth of FBHYA2 strain in naphthalenesupplemented MSM and also LB-broth, cell surface hydrophobicity was measured in order to determine the influence of the substrates on the cell surface properties. Our results showed that relative hydrophobicity (percentage of cells adhered to hexadecane) of LB-and naphthalenegrown cells are very low in a range of 1.0-6.0%. This measurement showed that strain FBHYA2 is rather hydrophilic irrespective of culture media and growth substrates.
Microbial degradation of PAHs and other hydrophobic substrates is believed to be limited by the amounts dissolved in the water phase (Bosma et al. ) . A bacterial strategy which influences the PAH transfer into the water phase is the release of biosurfactants. Many bacteria growing on alkanes produce biosurfactants to increase the bioavailability of these substrates (Johnsen et al. ) . But, biosurfactant production is not very common among PAHdegraders. In our study, FBHYA2 strain reduced the surface tension of culture media by only 2 mN/m, indicating that biosurfactants were either not produced or in concentrations far below the critical micelle concentration (CMC). Bacterial attachment to PAH crystals is another strategy to uptake PAHs. It was found by Wick et al. () that Mycobacterium strain LB501T exhibits specific modifications of the cell envelope (increased adhesion to hydrophobic surfaces) in response to solid anthracene. It seems that attachment to PAH crystals is a widespread mechanism among PAH degraders for access to hydrophobic substrates. Our results showed no evidence for surface modification (hydrophobicity/hydrophilicity shift) of the FBHYA2 strain to stimulate attachment to hydrophobic surfaces. Thus, it may be hypothesized that FBHYA2 strain does not degrade naphthalene via direct uptake from interface.
CONCLUSION
Bacteria added to a contaminated site may differ from the indigenous population with respect to their physiological properties. Biosurfactants secreted by inoculated bacteria may be toxic to indigenous microorganisms or used as a growth substrate in preference to PAH compounds. Therefore, incapability to secrete biosurfactant in response to naphthalene or other oil contaminants may have some advantages in environmental treatment approaches. In this investigation, a naphthalene-degrading Achromobacter strain was isolated and characterized. It seems that strain FBHYA2 uptakes only the dissolved portions of naphthalene in the water phase to maintain bacterial growth. The capability of the isolate to degrade a broad range of different hydrocarbons without the need to secrete any biosurfactant may make it an ideal candidate to treat oil-contaminated sites.
